T he advent of clinically available white matter fiber tracking, a technique that maps white matter pathways from diffusion-weighted MRI data 27 promises the ability to visualize a range of eloquent white matter tracts in individual patients. 12, 17, 24, 30, 33 The potential power of this information in many clinical situations is such that 3D maps are already being integrated with neurosurgical navigation systems, often being relied upon for the purpose of presurgical planning and intraoperative navigation. 10, 23, 33 Although the fundamental limitations of the most commonly used tractography method, namely DTI 6 -based tractography, are well described in the tech- Object. Diffusion-based MRI tractography is an imaging tool increasingly used in neurosurgical procedures to generate 3D maps of white matter pathways as an aid to identifying safe margins of resection. The majority of white matter fiber tractography software packages currently available to clinicians rely on a fundamentally flawed framework to generate fiber orientations from diffusion-weighted data, namely diffusion tensor imaging (DTI). This work provides the first extensive and systematic exploration of the practical limitations of DTI-based tractography and investigates whether the higher-order tractography model constrained spherical deconvolution provides a reasonable solution to these problems within a clinically feasible timeframe.
nical literature, 39 DTI-based tractography remains the most widely used tractography method in the clinical set ting. The current study is designed to systematically investigate the practical limitations of using tensor-based tractography for the purpose of clinical investigation and to determine whether using a method designed to address the problems that affect the tensor model provides an acceptable solution.
Diffusion MRI tractography requires 3 essential steps: the acquisition of appropriate DWI data; the correct estimation of fiber orientations; and finally the application of an appropriate tracking algorithm (Fig. 1A) . The reliability of tractography results is dependent on all 3 steps, and these steps are interdependent-that is, data collection needs to be consistent with the intended data analysis method and vice versa.
The majority of studies in the field use the diffusion tensor model (DTI) 6 to estimate white matter fiber orientations from DWI data. It is, however, increasingly recognized that DTI-based tractography methods are fundamentally limited, in that a single tensor can only resolve a single fiber direction within an imaging voxel (see Fig. 1B , i and iii). 1, 15, 38, 41 This limitation has important ramifications for the application of tractography in particular, as the proportion of white matter voxels in the brain that contain multiple fibers has been demonstrated to be at least 90%. 20 Given that diffusion-weighted data acquired on clinical scanners are typically limited to a spatial resolution of 2-3 mm, the scale of this problem is not unexpected.
Over the past decade, many higher-order models have been developed specifically to address the limitation of the DTI framework-that is, the so-called "crossing fiber problem" 2, 3, 14, 19, 31, 38, 41, 43 (see Tournier et al. 39 for recent review). However, these developments have not yet translated into improvements in clinical practice. Over 98% of the 160 neurosurgical tractography studies published to date were reported to use the DTI framework to gen- Step 2 of Panel A. Schematic images of voxels (i) containing white matter fibers (single fiber populations, left and middle; 2 fiber populations, right) are shown with illustrations corresponding to each of these voxels, showing the DWI signal (ii), diffusion tensor ellipsoids derived from the DWI signal within each voxel (iii), and fiber orientations derived using CSD (iv). Note that in the voxel containing 2 fiber populations, the DTI model not only fails to represent the number of fiber populations within each voxel, but also does not provide an orientation estimate that corresponds to either of the constituent fiber populations. The CSD-based method correctly identifies 2 appropriately oriented fiber populations in the third voxel (see i).
erate fiber orientation estimations. Software availability, technical expertise, and in some cases clinically impractical scan times 14 are just a few reasons why higher-order models have not yet been readily adopted in the clinical setting. In this work, constrained spherical deconvolution (CSD), 37,38 a higher-order model shown in phantom studies to be robust to crossing fiber effects, 40 is used to explore the practical advantage of applying a more sophisticated framework to diffusion data acquired in clinically feasible time frames.
In short, CSD is an approach that uses high angular resolution diffusion-weighted imaging (HARDI) 42 data to generate estimates of the fiber orientation distribution within each imaging voxel, with no prior knowledge required regarding the number of fibers in any given voxel. 37 The simulation data presented in Fig. 1B illustrate the advantage of using this robust fiber orientation estimation method in the presence of multiple fiber populations. Note that the CSD method correctly identifies 2 appropriately oriented fiber populations in a voxel containing 2 fiber populations (Fig. 1B, i and iv) , whereas the DTI-based method not only fails to represent the number of fiber populations within each voxel, but also does not provide an orientation estimate that corresponds to either of the constituent fiber populations (Fig. 1B , i and iii). As mentioned above, such voxels are widespread within the brain.
This study investigates the limitations of the most widely used tractography model (DTI) 6 in visualizing the corticospinal tracts, and the advantages of using a higher-order method designed specifically to address the problems that affect the tensor model (namely, CSD 37 ). Our aims are to investigate how these tractography methods perform in real clinical scenarios and to determine whether any of these methods provide a biologically realistic solution.
Methods

Study Participants
Forty-five healthy volunteers (24 male, 21 female) with a mean age of 28.17 years (SD 6.88 years, range 19-53 years) participated in this study. A consecutive series of 10 patients (3 male, 7 female) referred for presurgical imaging assessment to the Brain Research Institute, Melbourne, Australia, were also recruited. The patients' mean age was 32.89 years (SD 17.46 years, range 13.58-67.58 years) ( Table 1 ). All participants provided informed written consent prior to taking part in this study in accordance with ethical approval from the local human research ethics committee (Austin Health).
Data Acquisition
Magnetic resonance imaging data were acquired on a 3-T Siemens TIM Trio MRI system with a 12-channel receive-only head coil. Axial diffusion-weighted data (b value 3000 sec/mm 2 ) were obtained for all patients and healthy volunteers using a twice-refocused singleshot echo-planar imaging sequence, with 60 diffusionweighted directions equally spaced over a hemisphere in a scan time of 9.5 minutes (44 × 5 mm slices acquired interleaved, FOV 240 × 240 mm, matrix size 96 × 96, voxel size 2.5 × 2.5 × 2.5 mm; b value 3000 sec/mm 2 , TE 110 msec, TR 8400 msec, GRAPPA acceleration factor [iPAT] 2). In a subset of 12 healthy volunteers, additional DWI acquisition strategies were also used: a) 12 DW directions with b value 1000 sec/mm 2 , b) 60 DW directions with b value 1000 sec/mm 2 , and c) 30 DW directions with b value 2000 sec/mm 2 . For all participants, additional 3D high-resolution magnetization prepared rapid gradient echo (MPRAGE) T1-weighted data and axial or coronal T2-weighted images were also acquired for anatomical reference. The 3D T1-weighted data for each individual were realigned to the individual's FA map, using the rigid body co-registration function provided in SPM8 (http://www.fil.ion.ucl. ac.uk/spm/) to allow fiber-tracking results to be displayed overlaid on the high-resolution image for improved anatomical visualization.
Control Subject Data: Data Processing
To perform comparable tractography analysis within each individual's native space independent of user subjectivity, normal control subject images were first normalized to common template space to enable common seed and target regions to be created for every individual, using the following steps.
Step 1: DWI data were processed using the MRtrix software package 36 (http://www.brain.org. au/software/) to produce an FA map. 5 A custom FA map template, derived from 10 randomly selected healthy volunteers (control subjects), was generated using the ANTS registration software (http://picsl.upenn.edu/ANTS/).
Step 2: Individual FA maps were registered to the resulting FA template using the symmetric normalization (SyN) algorithm 4 to generate a set of diffeomorphisms (nonlinear mappings) and inverse diffeomorphisms for each individual.
Step 3: Target and seed regions for fiber tracking were manually generated in the sensorimotor cortex and brainstem in template space, as shown in Fig. 2 . A midline exclusion region of interest was also defined at the level of the corpus callosum to constrain tractography results to within each hemisphere.
Step 4: The inverse diffeomorphisms for each individual were then used to map these template-space ROIs into each individual subject space, so that fiber tracking could be performed in native space while ensuring that seed/target regions were consistent between subjects. (Note: The FA map is inherently in the same space as the DWI data used for tractography, since the FA is derived from the DW images.)
Control Subject Data: Tractography Analysis
Diffusion-weighted imaging data sets were processed using the MRtrix software package 36 (http:// www.brain.org.au/software/) to first generate DTI 6 and CSD 37, 38 fiber orientation estimates. These fiber orientation estimates were combined with appropriate tractography algorithms to generate results from the following tractography approaches: 1) DTI combined with a deterministic streamlines algorithm, 26 2) DTI combined with a probabilistic "bootstrap" algorithm, 21 and 3) CSD combined with a probabilistic streamlines algorithm. 7, 32 In each case, tracks were initiated to perform fiber tracking from seed to target ROIs in each individual's own space and tracking was performed both from the brainstem to sensorimotor cortex and vice versa. Fiber tracking results included only tracks that reached the target ROIs, and the tracking process was terminated when 10,000 tracks had successfully reached the target region or when 100,000 tracks in total had been initiated.
Control Subject Data: Quantification
Fiber tracking results for control subject data were mapped back into template space using each individual's diffeomorphism generated using the abovementioned ANTS registration software. For the results from each tractography method, frequency maps were generated using the MRtrix software package 36 as follows. First, for each subject a binary map was generated by identifying those voxels containing more than 10 tracks; a threshold of 10 was used to exclude unlikely connections. Next, these maps were summed across all subjects to generate the frequency map, with the value within each voxel indicating the number of subjects with tractography results that passed through that location. 16, 28 
Patient Data: Data Processing and Tractography Analysis
To avoid imperfections in co-registration due to the presence of pathology, patient data were not normalized to a common template space; instead, seed and target regions were generated directly in each individual's native space. Fiber tracking from the sensorimotor cortex to the brainstem using manually defined ROIs, similar to those used for the control subjects, was performed using 1) DTI combined with a deterministic streamlines algorithm 26 and 2) CSD combined with a probabilistic streamlines algorithm 7,32 using the MRtrix software package. 36 As described above for the control subject data, fiber tracking results included only tracks that reached the target ROIs, and the tracking process was terminated when 10,000 tracks had successfully reached the target region or when 100,000 tracks in total had been initiated.
To allow improved visualization of fiber tracking results and patient pathology, 3D contour segmentation was performed to delineate the lesion from each patient's 3D T1-weighted data set using the ITK-SNAP software package 45 (www.itksnap.org). Fiber-tracking results and segmented pathology volumes were then overlaid on the high-resolution image using FSL software (http://www. fmrib.ox.ac.uk).
Results
Control Subject Data
Diffusion tensor imaging-based tractography methods (both deterministic and probabilistic) produced only a narrow subset of tracks to the medial part of the sensorimotor cortex in all subjects, as demonstrated in both the individual control subject data and the group quantification data (Fig. 3) . The CSD-based method, combined with a probabilistic tractography algorithm, consistently produced the fan-shaped configuration of tracks expected from known anatomy, with fibers extending to the lateral aspects of the sensorimotor cortex (Fig. 3) . These findings were consistent across a series of DWI data sets with a range of b values and number of directions (Fig. 3B ) and were independent of whether tracking was performed from the brainstem to sensorimotor cortex or vice versa (Fig. 3A) .
In all cases, further examination of the individual voxels confirmed the presence of many voxels containing multiple fiber orientations using CSD in regions where the DTI-based tractography method failed to produce any tracks (see representative data set in Fig. 4 , magnified regions).
Fig. 3.
Comparison of control data tractography results obtained using seed and target ROIs identified in the brainstem and sensorimotor cortex, as shown in Fig. 2 . For the individual subject data, the color of the fiber tracks indicates the local fiber orientation (with red indicating left-right, green indicating dorsal-ventral, and blue indicating cranial-caudal). A: Tractography results for DTI combined with a deterministic algorithm, DTI combined with a probabilistic algorithm, and CSD combined with a probabilistic algorithm. All data were acquired using 60 diffusion-weighted directions with b = 3000 sec/mm 2 . In each case, tracking was performed both from superior to inferior (left group of 6 images, labeled "motor to brain stem") and from inferior to superior (right group of 6 images, labeled "brain stem to motor"). The upper row shows coronal T1-weighted images overlaid with tractography results from a representative normal control subject. The bottom row shows coronal FA template image overlaid with frequency maps representing the number of subjects from the 45 control subjects in which tracks were identified in any given voxel (range = 0-45). B: Tractography results using DTI combined with a deterministic algorithm and CSD combined with a probabilistic algorithm, across a range of acquisition protocols that differed in the number of diffusion directions and b-value used, as indicated in the figure. Panel B(i) shows coronal T1-weighted images overlaid with tractography results using DTI (left column) and CSD (right column) from a representative normal control subject. Panel B(ii) shows a coronal FA template image overlaid with frequency maps representing the number of subjects (out of 12 control subjects) in whom tracks were identified in any given voxel, using DTI (left column) and CSD (right column) (range 0-12).
Summary of Patient Tractography Results
In all patients, the DTI-based method produced only a narrow subset of tracks descending from the medial periphery of the sensorimotor cortex to the brainstem (see Fig. 5A , i and ii; Fig. 5Bi and ii; and Fig. 6 , all panels labeled i), despite the seed region encompassing the whole of the sensorimotor cortex. In contrast, the CSD-based method successfully reconstructed tracks descending from the sensorimotor cortex in both the affected and contralateral hemisphere (see Fig. 5A , iii and iv; Fig. 5B iii and iv; and Fig. 6C , all panels labeled ii). Safe margins of resection clearly appeared to be greater using DTIbased tractography compared with the CSD-based approach in all cases except for Case E, in which the lesion was located close to the midline. Two representative cases are described in further detail below.
Illustrative Cases
Case A This 49-year-old woman presented with a 10-day history of severe left-sided headache with associated nausea and vomiting. Conventional MRI confirmed the presence of a large left posterior temporoparietal AVM supplied by feeding vessels in the posterior-parietal and angular branches of the right middle cerebral artery, the occipital temporal artery, and the posterior temporal branches of the left posterior cerebral artery, with drainage mainly to the superior sagittal sinus (Fig. 5A, v) . Evaluation of corticospinal tractography results indicated that apparent safe margins of resection surrounding this lesion were clearly greater using DTI-based tractography than with the CSD-based approach: DTI-based tractography results suggested a clear margin surrounding the lesion (Fig. 5A,  i and ii), whereas the CSD-based tractography results (derived from the same DWI data set) indicated that lateral projections of the corticospinal pathway might be at risk (Fig. 5A, iii and iv) .
Case B
This 23-year-old woman presented with refractory complex partial seizures largely involving her left leg, arm, and eyelid and the left side of her face. Conventional MRI demonstrated a 2 × 2 × 3-cm region of focal dysplasia in the right precentral gyrus consistent with the abnormal right centroparietal electroencephalographic activity (Fig. 5B, v) . Evaluation of corticospinal tractography results indicated that apparent safe margins of resection surrounding this lesion were clearly greater using DTIbased tractography than with the CSD-based approach: DTI-based tractography suggested that only the medial aspect of the lesion impinged on the corticospinal tracts (Fig. 5B, i and ii) ; however, the CSD-based tractography results (derived from the same DWI data set) suggested that the lesion was enveloped by medial and lateral projections of corticospinal fibers (Fig. 5B, iii and iv) . In this case, available intraoperative electrocorticography and monitoring of the left hand function demonstrated good correlation with CSD-based tractography results.
Discussion
Neurosurgical intervention requires biologically accurate mapping of white matter pathways that support eloquent cortical regions to provide optimal lesion excision with minimal damage to the patient's neurological function. 25, 34 In this study, we systematically explored the practical limitations of DTI-based tractography as well as the advantage of using CSD-based tractography to delineate the fiber pathways of neurosurgical interest, in both cases using the example of the corticospinal tracts. It is clear from the data from the 45 healthy control subjects that DTI-based tractography methods consistently fail to identify well-known corticospinal connections extending to the majority of the sensorimotor cortex (Fig. 3 ). In contrast, the CSD-based tractography method consistently produced the expected fan-shaped configuration of corticospinal fiber pathways extending throughout the sensorimotor cortex (Fig. 3 ) that much more closely resembles the known anatomy in this region (Fig. 7) . These results emphasize that the method used to generate fiber orientation estimations from diffusion MRI data has important practical ramifications.
The clinical importance of applying an appropriate The DTI-based tractography results in Case A suggest a clear margin surrounding the lesion (i and ii), whereas the CSD-based tractography results indicate that lateral projections of the corticospinal pathway may be at risk (iii and iv). The DTI-based tractography results in Case B suggest that only the medial aspect of the lesion impinges on the corticospinal tracts (i and ii), whereas the CSD-based tractography results suggest that the lesion is enveloped by medial and lateral projections of corticospinal fibers (iii and iv).
fiber orientation estimation method (for example, DTI vs higher-order models) to DWI data is clearly illustrated in the patient cohort of this study, where tractography was performed to visualize the corticospinal pathways in patients at risk for neurological deficit following neurosurgical resection (see Table 1 ). In all cases, the CSD-based method identified the corticospinal tracts extending to the entire sensorimotor cortex, whereas the DTI-based method only identified a narrow subset of tracts extending, in the majority of cases, medially to the vertex (see Figs. 5 and 6). It should be emphasized that the tractography results presented from these real clinical scenarios are entirely consistent with the results in healthy controls. In 3 cases (Cases F, G, and H; Fig. 6 ) the DTI-based method produced a few tracks in the vicinity of the lateral aspect of the sensorimotor cortex; however, it is important to note that these fiber pathways were not represented across subjects, or even in the same subject on the contralateral side, and hence are likely to be unreliable.
The limited delineation of the corticospinal tracts found in the patient cohort in the present study using tensor-based tractography is completely consistent with the DTI tractography literature to date. 8, 9, 12, 18, 23, 25, 30, 44 Although many of these studies suggest that their findings show great promise for the use of DTI-based tractography as a pre-or intraoperative tool, they commonly visualize Table 1 . Note: The difference in apparent safe margins of resection is substantially greater using the DTI-based tractography method (blue) compared with the CSD-based tractography method (red).
only the medial portion of the corticospinal tracts. The results from the present study demonstrate that such a limited extent of tract delineation using DTI-based tractography is actually inherent to the tensor model and hence is likely to result in very unreliable and misleading clinical information that is clearly insufficient for safe neurosurgical navigation. This may provide an explanation for the undesirable functional consequences reported in previous neurosurgical tractography studies 23, 29 that used DTI-based fiber tractography information to guide safe margins of resection. Even in carefully performed studies that have tested reproducibility of tracking results, 29 the resulting corticospinal tract visualization shows only the medial part of the tract: the underlying problem is a systematic error that cannot be addressed using a test-retest approach. Demonstrating reproducibility in the presence of a systematic error (the incorrect estimation of fiber orientations in voxels containing multiple fiber populations) merely shows that the same erroneous outcome is obtained each time.
The reliability and reproducibility of tractography results have generated much discussion in the literature. 11, 16 Tractography results are reported to be dependent on the particular placement of ROIs and on the quality of acquired data. 29, 30 Therefore, it is important to emphasize that our study was designed to ensure that all control data results were independent of user subjectivity. The same template-generated ROIs were transformed into each individual's native space to ensure that the results for each of the tractography methodologies were comparable across all subjects. In addition, the results obtained using a range of b values and diffusion direction schemes (specifically including data commonly believed to be optimal for both DTI-and CSD-based methods 22, 35 ) indicate that failure of the DTI-based tractography method to delineate tracks extending to the lateral aspect of the cortex across all subjects occurs irrespective of the DWI acquisition scheme (see Fig. 3B ). In contrast, the CSD-based tractography performed well and identified the expected fan-shaped configuration of tracks extending throughout the sensorimotor cortex across the same range of DWI data sets.
However, it is important to note that the configuration of tracks identified by the CSD-based method appear on visual inspection to be more organized and exhibited fewer spurious tracks with higher b-value DWI data acquired using a higher number of diffusion directions, as demonstrated in Fig. 3B . This is consistent with our previous experimental finding that diffusion acquisition schemes with a minimum of 45 directions and a b value of 3000 sec/ mm 2, 35 are recommended for robust estimations of fiber orientations using models such as CSD. 37 A common misconception in the clinical setting is that the problems experienced using DTI-based tractography methods can be addressed by the application of more complex fiber tracking algorithms to fiber orientations estimated using the tensor model. In the present study, direct comparison of tensor-based data analyzed using a deterministic algorithm 26 versus a probabilistic algorithm 21 emphasizes that, while there remain some advantages to using probabilistic algorithms, the application of such an algorithm cannot compensate for fundamental limitations of the fiber orientation estimates obtained using the tensor model. This is evident in the data presented in Fig. 3A , where the extent of the fiber connections generated by the probabilistic DTI-based method closely matches those generated using the deterministic DTIbased tractography method. This indicates that probabilistic tractography remains limited by the poor-quality fiber orientation information provided by the diffusion tensor model and does not alone provide an acceptable clinical solution.
The implications of the results presented here are of clinical concern because neurosurgeons are increasingly using tractography software to localize major white matter fiber tracts (in particular, the corticospinal tracts) in patients who may be at risk for neurological deficit following resection. The majority of tractography software packages available to clinicians rely on the DTI framework to generate fiber orientations from DWI data. It is commonly argued that the inability of the tensor model to represent multiple fiber orientations is not a problem when dealing with the larger tracts in the brain, since a large tract in the presence of a small tract will result in a tensor with the orientation of the so-called "dominant" tract, with tracking results thought to be minimally affected. However, it is clear from the present data that even large fiber bundles, such as the corticospinal tract, cannot be adequately described by DTI-based tractography methods in regions where the tract crosses other major fiber bundles, such as the corpus callosum or the longitudinal fasciculus. These data confirm that many voxels along the corticospinal tract contain substantial contributions from 2 or more fiber populations, and in such cases the tensor-derived direction does not represent any of the constituent fiber populations (as illustrated in Fig. 1 and in vivo in Fig. 4 ). It should be emphasized that the scale of this problem cannot be overstated, given that recent work in the field demonstrates that more than 90% of imaging voxels in the white matter contain multiple fiber populations. 20 While the present work is confined to demonstrating these limitations in the delineation of corticospinal pathways, it is highly likely that the results shown in the present study will apply to most major fiber tracts, given that such tracts will inevitably traverse voxels containing substantial contributions from 2 or more fibers at some point along their path.
Conclusions
This comprehensive study shows that the most widely used clinical tractography method (DTI-based tractography) results in systematically unreliable and clinically misleading information. The higher-order tractography model, using the same diffusion-weighted data, clearly demonstrates fiber tracts more accurately, providing improved estimates of safety margins that may be useful in neurosurgical procedures. We therefore need to move beyond the diffusion tensor framework if we are to begin to provide neurosurgeons with biologically reliable tractography information.
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